Millimeter-wave transitions between molecular Rydberg states (n ∼ 35) of barium monofluoride are directly detected via Free Induction Decay (FID). Two powerful technologies are used in combination: Chirped-Pulse millimeter-Wave (CPmmW) spectroscopy and a buffer gas cooled molecular beam photoablation source. Hundreds of Rydberg-Rydberg transitions are recorded in one hour with >10:1 signal:noise ratio and ∼150 kHz resolution. This high resolution, high spectral velocity experiment promises new strategies for rapid measurements of structural and dynamical information, such as the electric structure (multipole moments and polarizabilities) of the molecular ion-core and the strengths and mechanisms of resonances between Rydberg electron and ion-core motions. Direct measurements of Rydberg-Rydberg transitions with kilo-Debye dipole moments support efficient and definitive spectral analysis techniques, such as the Stark demolition and polarization diagnostics, which enable semi-automatic assignments of core-nonpenetrating Rydberg states. In addition, extremely strong radiation-mediated collective effects (superradiance) in a dense Rydberg gas of barium atoms are observed.
Introduction
Electronic transitions between Rydberg states of atoms and molecules can provide a description of the electric multipoles and polarizabilities of the ioncore as well as insights into the physical mechanisms and state-to-state rates of energy/angular momentum exchange between the Rydberg electron and the molecular ion-core. [1] [2] [3] [4] [5] [6] Microwave and millimeter-wave spectroscopies capture Rydberg-Rydberg transitions with high resolution, sensitivity, and completeness. [7] [8] [9] [10] [11] [12] . Our claim of "completeness" is based on the combination of a priori known n * -scaling and purposeful access to key information-rich regions of state space.
These results will provide new classes of tests of electronic structure calculations for molecular ions and for the dynamics of electron-ion collisions. [6, [13] [14] [15] To study the structure and dynamics of the molecular Rydberg states with both high resolution and a fast data acquisition rate, we incorporate two crucial features. (i) CPmmW spectroscopy is a broad bandwidth high-resolution technique capable of capturing in each chirped pulse 20 GHz of spectrum at 50 kHz resolution. Every two-level system, which has its transition frequency within the bandwidth of the chirped pulse is polarized, and all resultant FIDs are simultaneously detected in the time domain. All members of the set of FIDs generated by a sequence of chirped pulses are phase-coherently averaged in the time-domain. This multiplexed simultaneous direct detection of all FIDs is in marked contrast with the sequential indirect detection of ions generated as a laser frequency is tuned through resonance with individual Rydberg-Rydberg electronic transitions. (ii) The BaF molecular beam generated from our buffer gas cooled ablation source is a factor of 1000 brighter and has 10 times slower laboratory frame velocity than a BaF beam generated by our Smalley-type supersonic jet ablation source. Exploitation of the broad bandwidth, multiplexed, FID-detection scheme would have been impractical without the enhanced brightness of the buffer gas cooled ablation source.
The combination of these two transformative technologies, CPmmW spectroscopy and the buffer gas cooled ablation source, has the potential for shatter-ing expectations about the limits of what is "knowable" about the structure and dynamics of small molecules. In this paper we report FID-detected laser-laser-CPmmW triple resonance experiments on Rydberg-Rydberg transitions of Ba atoms and BaF molecules. In these experiments we have achieved an ∼10 6 -fold increase in "spectral velocity" relative to what we had been able to achieve in ionization-detected laser-laser double resonance experiments on CaF. We define spectral velocity as the number of resolution elements sampled per unit time at a specified signal to background ratio. The experiments described in this paper demonstrate possibilities for a more global, mechanistically focused class of interaction between experimentalists and their spectroscopic targets. New experimental tactics and goals, organized around physical mechanisms rather than production of archival tables, will be expressed in the design of new classes of experiments to capture the "big picture" rapidly and decisively. With n * -scaling of everything related to the Rydberg electron, which provides an overview of quantum mechanical state-space, we can actively search and sample the dynamically most consequential classical physics-based mechanisms for energy and angular momentum transfer between the Rydberg electron and the ion-core. The design of new classes of experiments can capture the "big picture" rapidly and decisively, and reveal how a molecule behaves in both universal (physics) and idiosyncratic (chemistry) ways.
We report no new spectroscopic results in this paper. Our reasons for postponing the use of our spectrometer to generate data include implementation of plans for improving the sensitivity, reproducibility, and, most importantly, the assignment velocity of spectral features. One of the most vexing problems results from the combination of the ∼100 MHz Doppler width of the laser transitions with the ∼500 MHz longitudinal mode spacing of the Nd:YAG pumped dye laser. In addition, we are developing an improved suite of diagnostics that are needed for real-time, semi-automatic assignments of exceptionally data-rich spectra. These diagnostics include: (i) "Stark demolition" for distinguishing core-penetrating (CP) from core-nonpenetrating (CNP) Rydberg states (states with high orbital angular momentum ( > 4) and a small quantum defect (δ < 0.05)) and sorting the CNP Rydberg states according to orbital angular momentum of the Rydberg electron, , and the rotational angular momentum of the ion-core, N + , (ii) polarization diagnostics to determine total angular momentum of molecules, J, (iii) use of the phase of the FID relative to that of the chirped excitation pulse to determine whether a transition in the CPmmW spectrum is upward or downward in energy, and (iv) "stacked plot" pattern recognition, to determine the ion-core ∆N + , from a collection of CPmmW spectra, each CPmmW spectrum recorded as the second tunable laser is tuned, in 100 MHz steps through a region of the Rydberg manifold of width ∼∆n * = 4 (∼14 cm −1 at n * = 40).
Our focus in this paper is on barium monofluoride, BaF, because it provides several uniquely convenient properties for molecular FID experiments. The 4.3 < n * < 14.3 Rydberg states of BaF have previously been extensively investigated and assigned [2, [16] [17] [18] [19] , which allows us to simplify the exploration of excitation schemes and to accelerate the assignments of the higher-n * Rydberg states. The electronic structure of BaF is maximally simple, consisting of a doubly closed shell (Ba 2+ and F − ) ion-core plus only one electron (the Rydberg electron). Perhaps most importantly, BaF is one of the small number of diatomic species in which the first dissociation limit lies higher in energy than the ionization energy for states with v + = 0 or 1 (where v + is the vibrational quantum number of the ion-core). As a result, nonradiative decay via predissociation cannot occur from these states, and the v + = 0 Rydberg states have lifetimes > 100 µs, comparable to those of atomic Rydberg states.
The long lifetimes ensure that the FID radiation from millimeter-wave polarized Rydberg-Rydberg coherences is not quenched by fast population decay. In addition, the Rydberg state lifetimes are sufficiently long to enable population of high angular momentum states via a sequence of stepwise millimeter-wave excitations. We can selectively interrogate regions of Rydberg state space in which physically distinct interaction mechanisms are at play. BaF is thus an ideal candidate for systematic investigations of molecular Rydberg states by FID-detected electronic spectroscopy. This investigation will permit separate characterization of physically explicit classes of mechanism for the exchange of energy and angular momentum between the Rydberg electron and the ion-core. This paper is organized as follows: in the Experimental Methods section, we describe the apparatus in which the CPmmW spectrometer and buffer gas cooled molecular beam source are combined. This apparatus is used for rapidly recording spectra of Rydberg-Rydberg transitions and superradiance. In the Results section, we first describe typical BaF FID spectra and Ba superradiance spectra. Then, we introduce three new techniques, phase extraction, Stark demolition, and multi-pulse excitation, for semi-automatically extracting information and assisting spectroscopic assignments. In the Conclusions and Prospects section, we illustrate a highly efficient laser-millimeter-wave survey spectrum as a comprehensive demonstration and summary of our experimental schemes. Details of optimization of laser ablation and estimating the uncertainties of phase extraction are presented in the Appendices.
Experimental Methods

State preparation
Rydberg states of Ba (n * p states, n * = 34 -74) are populated by a pulsed dye laser (Lambda Physik Scanmate 2E, 0.1 cm −1 ), frequency doubled by a β-BBO crystal, shown in Figure 1 grating narrowed) are used in a stepwise excitation scheme to transfer BaF from the X 2 Σ + ground state to a Rydberg state via the C 2 Π 3/2 intermediate state.
Both dye lasers are pumped by one injection-seeded Spectra-Physics GCR-290
Nd:YAG laser with a ∼7 ns pulse duration. Initial Rydberg states of Ba (n * = 34 -74) and BaF (n * = 35 -50) are located by recording low resolution survey spectra, employing a pulsed field ionization (PFI) TOF-MS detection scheme, described in Ref. [20] . The PFI spectra shown in the difficulty in assigning and interpreting molecular Rydberg spectra due to the combination of a high density of states and limited laser resolution.
CPmmW spectrometer
Chirped-Pulse millimeter-Wave (CPmmW) spectroscopy is an extension of the Chirped-Pulse Fourier Transform Microwave (CP-FTMW) technique developed by the Brooks Pate research group [21] [22] [23] , to a higher-frequency regime [24] .
The advantages of chirped-pulse spectroscopy, namely the combination of broadband excitation, multiplexed heterodyne detection, high resolution, and meaningful relative intensities, have been demonstrated in pure rotation spectra of large and small molecules [24, 25] . Distinct from conventional millimeterwave spectroscopy that employs a thermal detector or other indirect detection schemes (typically ion detection), chirped-pulse techniques make it possible to capture an entire spectrum (400,000 50 kHz resolution elements) in a single chirp (20 GHz bandwidth) rather than sequentially, one resolution element at a time.
Because of this combination of survey capability with high resolution, chirpedpulse techniques have the potential to transform the experimental strategies and goals of traditional microwave spectroscopy.
The extension of chirped-pulse schemes into the millimeter-wave regime has been hampered by the unavailability of high power millimeter-wave sources, which limits the degree of polarization that can be achieved for typical rotational transitions. Pure rotation transitions have electric dipole transition moments on the order of ∼1 Debye. However, the electric dipole transition moments between Rydberg states scale as (n * ) 2 , resulting in kilo-Debye electric dipole ∆n * ∼ 1 transition moments between states with moderately high (n * > 30) principal quantum numbers. This unique feature of Rydberg states more than compensates for the present limits on millimeter-wave power. It permits simultaneous full polarization of many Rydberg-Rydberg transitions by a single broadband pulse. The value of extending low frequency microwave spectroscopy to high frequency millimeter or sub-millimeter wave spectroscopy for the study of Rydberg electronic transitions is based on: (i) the ability to interrogate selected stroboscopic resonances, which reveal the physical mechanisms of resonant interactions between the Rydberg electron and the internal motions of the molecular ion-core [26] [27] [28] ; (ii) the electric dipole ∆n * ∼ 1 transition moments are sufficiently large to be completely polarized by millimeter or sub-millimeter wave sources, but are sufficiently small to minimize the dipole-dependent frequency shifts, dipole blockade, and broadening mechanisms, such as stray inhomogeneous electric field or blackbody radiation induced Stark broadening [29] [30] [31] [32] , and long-range dipole-dipole collisional dephasing [33] [34] [35] .
The CPmmW spectrometer, shown in Figure 2 , is similar to that in Ref [24] . We review the main components here. To generate a broadband millimeterwave pulse at ∼85 GHz, a 4.2 GigaSample/second arbitrary waveform generator (AWG) (ii) creates a crafted RF pulse (user-defined pulse duration, bandwidth, initial phase, and amplitude) at 0.2-2.0 GHz. A triply-balanced mixer (iii) mixes the RF pulse with the output of a 6.2 GHz phase-locked oscillator (iv) to create a pulse consisting of both sum and difference frequency components with different intermediate frequencies, it can only be applied to the individual signals which can be distinguished from the noise, but cannot transform the entire spectrum unambiguously. In order to display the unique features of both the signal and noise, in Figures 3 and 6, we use down-converted frequencies as the frequency axis of spectra with multiple transitions, while we use the recovered real frequencies for spectra that contain only a single transition.
Buffer gas cooled molecular beam source
We have previously demonstrated the capabilities of FID-detected CPmmW spectroscopy on Rydberg-Rydberg transitions of Ca atoms [7, 8] . However, our initial efforts to record FID-detected molecular Rydberg-Rydberg transitions in a Smalley-type laser ablation supersonic beam source, similar to what we had used for atomic spectra, were thwarted by the ∼100 times lower number density of molecules (∼10 4 cm −3 ) that could be prepared in a single rovibronic Rydberg state, due both to the lower efficiency of generating the desired molecules in the ablation source and dilution of the electronic ground state population among rotation-vibration quantum states.
Buffer gas cooling, a technique originally developed in Frank De Lucia's research group [36, 37] and extended to generation of cold molecular beams in John Doyle's research group [38] [39] [40] [41] , is a method for creating bright, slow beams of atoms and molecules via collisional cooling by an inert atomic gas. A schematic diagram of the neon buffer gas cooled molecular beam source appears in the upper right hand section of Figure 2 . The apparatus is based on a two-stage pulsed tube helium refrigerator (not shown). The first stage (40 K) is used to cool the radiation shield (xix), and the second stage (4 K) is used to cool the cold cell (xx) and gas filling tube (xxi) to 20 K (controlled by small resistive heaters) and a cold skimmer (xxii) to 4 K. A BaF 2 pellet (xxiii) is placed inside the cold cell, ∼2.5 cm from the output aperture. A 7 ns pulse of tightly focused 532 nm light (xxii) is used to create a plasma near the surface of the target by laser ablation. It should be noted that the ablation of a salt target is less facile than a metal target, and required extensive optimization of the target preparation and ablation laser properties (see Appendix A). The ablated atoms/molecules are cooled to the equilibrium temperature (20 K) by more than 100 collisions with neon buffer gas (∼ 20 mtorr), which is introduced into the cell at a 10 SCCM (Standard Cubic Centimeters per Minute) flow rate. About 10% of the ablated atoms/molecules are extracted as a beam from the cold cell by hydrodynamic expansion through the output aperture, which results in further cooling to final translational and rotational temperatures of ∼3 K with a laboratory frame velocity slower than 200 m/s. Relative to a supersonic beam source, the buffer gas-cooled beam has a similar final temperature in the center of mass frame, but is much denser (a factor of 1000) and slower (a factor of 10 in the laboratory frame), which allows spectroscopic investigation of Rydberg species with unprecedented signal strength and resolution. The high yield of ablated species is due to gas dynamics effects, which remain incompletely understood.
The center of the beam is selected by passage through a cold skimmer (xxi) and the beam propagates into the detection chamber. The number densities in the detection chamber (∼25 cm downstream from the cell) of ( 1 S) Ba atoms and electronic ground state (X 2 Σ + ) BaF molecules in a single rotation-vibration state are measured by Laser Induced Fluorescence (LIF) to be >10 9 and >10 7 cm −3 , respectively, and the BaF rotational temperature was measured to be 3 K.
The laboratory frame forward velocity is measured by the CPmmW spectra to be ∼200 m/s, and is discussed further in Section 3.1. At optimum performance, the shot-to-shot intensity fluctuations of the buffer gas cooled beam source are <30% and the experiments can run stably for more than 10 hours at a 10 Hz ablation repetition rate.
A buffer gas cooled beam source generates a 1000 times larger number density of atoms/molecules in a single Rydberg state than from a supersonic jet ablation source. However, in a dense Rydberg gas, interparticle dipole-dipole interactions can shorten the coherence lifetime via cooperative or collision-induced dephasing [7, 33, 42, 43] . This dephasing is more serious in Rydberg transitions with large electric dipole transition moments (µ ∼ 1000 Debye) and degrees of polarization (P ∼ 1), than typical rotational transitions (µ ∼ 1 Debye, P < 0.1). To minimize dephasing while still collecting sufficient FID radiation from the sample, we increase the interaction volume (∼100 cm 3 ) while keeping the number density of Rydberg states <10 6 cm −3 . In addition, the geometry of the sample affects how much forward FID radiation can be collected by the detection horn, as described by P f orward ∝ L √ S, where S and L are respectively the cross-sectional area and the length of the interaction volume relative to the millimeter-wave propagation direction. Therefore, to maximize the forward FID radiation, a cylindrically shaped interaction volume is optimal (3 cm diameter × 10 cm length). However, the diameter of the cylindrical cross section must be ∼five times larger than the millimeter-wave wavelength to minimize diffractive losses.
Minimization of stray electric and magnetic field
In addition to interparticle interactions, Rydberg states are extremely sensitive to stray electric and magnetic fields, which can shift, broaden, and split spectral lines, as well as induce parity and m J mixings of states [9, 30] . The ability to understand and control stray electric and magnetic fields over a large active volume is essential to maximize resolution and signal strength. For CNP Rydberg states, an electric field as small as 10 mV/cm is sufficient to induce strong interactions among CNP Rydberg states tightly clustered in state space around integer-n * . This sensitivity to electric fields results in rapid dephasing and broadening of the FIDs.
The primary source of stray electric fields is ions produced via multiphoton ionization processes as unwanted byproducts during the two-step laser excitation of the initial Rydberg state. Due to large ion-Rydberg collisional cross sections (σ ∼ 10 −4 cm 2 [44] ), even ions at a density as low as 10 4 cm −3 can cause homogeneous coherence dephasing with T 2 < 1 µs, resulting in a significant decrease in the intensity of the FID signal. In addition, the scattering of excitation laser radiation by the internal walls of the vacuum chamber can also create free electrons or ions, especially when the intense pump lasers are terminated at the nickel mesh that is used to reflect the millimeter-waves. Therefore, in typical FID-detected CPmmW experiments, the intensities of the pump lasers are kept a factor of three smaller than the saturation intensity.
Stray magnetic fields, such as the Earth's magnetic field (∼0.5 Gauss), can induce a Zeeman splitting of ∼700 kHz. Magnetic fields produced by other sources, such as magnetized components in the vacuum system, can also be sufficiently large to induce measurable splittings. We minimize the magnetic field in the active volume with three pairs of rectangular Helmholtz coils. In order to maintain a uniform magnetic field over a relatively large area, the Helmholtz coils are large (24" × 24" × 42") and placed around the entire chamber and cryostat. Two magnetometers are mounted on the side flanges of the detection chamber to monitor magnetic fields near the interaction volume.
Results
FID detected spectra of Rydberg-Rydberg transitions in Ba and BaF
Typical FID-detected spectra of Ba and BaF Rydberg-Rydberg transitions, obtained using the CPmmW spectrometer/buffer gas cooled molecular beam are shown in Figure 3 . Plot (a) is a single-shot FID-detected spectrum of the Ba 42p-40d transition. Each peak is split into two resolved Doppler components, which result from co-propagation and counter-propagation of the millimeterwave radiation relative to the atomic beam. By measuring this Doppler splitting, we obtain the average forward velocity of the buffer gas cooled beam, ∼200 m/s, which is consistent with laser absorption measurements from the Doyle group [39] .
The linewidth is governed by three factors. The most important dephasing mechanism, especially at high number density, is homogeneous superradiant decay [42, 43] . We confirm this by measuring the linewidth as a function of average number density, as shown in Figure 4 , Plot (d). The number density can be further reduced to <10 4 cm −3 , which results in a contribution to the linewidth from superradiance of 40 kHz. However, at this number density, the signal is so weak that a spectrum with an acceptable signal to noise ratio requires more than 100 averages. In addition to superradiance, Rydberg states with large electric dipole transition moments are also sensitive to the incoherent electromagnetic field generated by the room temperature blackbody radiation.
This interaction leads to a ∼10 µs decoherence at n * ∼40, which corresponds to ∼30 kHz linewidth. Finally, Doppler broadening due to the translational temperature and the divergence of the molecular beam (geometric Doppler) results in ∼5 kHz and ∼40 kHz linewidth respectively. This latter Doppler broadening can be decreased by using a skimmer to select the central region of the molecular beam or by reducing the diameter of the excitation laser beam. Decreasing the geometric Doppler width by a factor of M also decreases the total signal strength by a factor of M 1/2 . However, making the beam diameter too small can result in diffractive losses. Our current 3 cm diameter of the interaction volume is a compromise between these two opposite effects. Therefore, in principle, our current linewidth limit is set by blackbody radiation and Doppler broadening when we reduce the number density of Rydberg atoms/molecules significantly (<1×10 4 cm −3 ). However, in a practical experiment, to obtain spectra with a relatively high signal to noise ratio in a short time, we always degrade the 
Superradiance in a dense Rydberg gas
Previous experiments showed signs of superradiance [7] . The lower number density and larger Doppler width limitations of our earlier supersonic beam experiment precluded systematic study of strong superradiance. Both of these obstacles are eliminated with the buffer gas cooled beam setup. Therefore, much stronger superradiant effects are observed. However, at high number density, the coherence initiated by the excitation pulse is amplified by the cooperative atom-photon interactions in the dense Rydberg gas with C=Nλ 3 /4π 2 >>1, where C is the "cooperative parameter," N is the number density, and λ is the wavelength of the radiation. During this amplification process, the energy stored in an inverted population system decreases as the population originally in the energetically higher state is transferred into the lower state by stimulated emission. When the population difference is zero the coherence is maximized. The superradiant emission continues until the population is entirely in the lower state. Unlike the conventional FID picture, the coherence here is not created exclusively by the external excitation pulse; it contains a significant contribution from the population inversion [42] . In addition, the maximum coherence amplitude, the rate of amplification, and the decay rate strongly depend on the number density of the Rydberg sample.
We compare the lineshape and linewidth of the Ba 42p-40d transition (a downward transition) at high and low number densities in Figure 4 , plot (c), which is obtained by Fourier transforming plots (a) and (b). At high number density the linewidth is much broader than that at low number density.
In addition, the center frequency of the radiation is also shifted by ∼1 MHz.
This transient frequency shift is absent in conventional FID radiation. Plot (d)
shows the linear dependence of the linewidth on the number density. These preliminary results demonstrate direct observation of strong superradiance effects, including amplification, fast radiative decay, and frequency shifts in dense Rydberg gases using the CPmmW technique in combination with a buffer gas cooled beam source. However, due to the relatively large inhomogeneity of the number density in our large interaction volume (the density near the beam source is 10 times higher than that near the parabolic mirror, see Figure 2 ), ∼30%
shot-to-shot number density fluctuations, and the lack of quantitative number density measurements, it is difficult to compare our preliminary measurements with theory. More detailed and systematic measurements and analysis are in progress.
Phase extraction
The millimeter-wave radiation can induce both upward and downward tran- We have developed a complementary technique that applies a FFT to extract the phases of the excitation pulse and the FID in the frequency-domain.
This method has advantages for a broadband chirped pulse in which multiple transitions are excited. However, estimating the phase uncertainty and optimizing the experimental conditions for accurate phase extraction is non-trivial.
In Appendix B, we discuss a single transition polarized by a single frequency excitation pulse first, and then extend the analysis to a more general situation, in which multiple transitions are polarized by a broadband chirped pulse. We have proved that, when the chirped excitation pulse is sufficiently weak, result- ing in a polarization fraction <π/6, we can extract the phase difference between the excitation pulse and the FID with uncertainty π/10, which is sufficient to distinguish upward from downward transitions.
Stark demolition spectroscopy
As both involve at least one CNP Rydberg state. As the amplitude of the DC electric field pulse is increased, the amplitude of the central FID peak in plot (c) decreases relatively more slowly than that in plot (d). The quantum defect (the degree of core-penetration) of the CNP Rydberg state in plot (c) is larger than that in plot (d). It is likely that the former state has smaller a value than the latter. Even better, with careful calibration, we believe that the quantum defect δ could be extracted directly and quantitatively. More measurements and analysis are in progress.
Stark demolition diagnostics
The Stark-demolition diagnostic permits the Rydberg energy levels observed in an initial batch of CPmmW spectra of a new molecule to be partitioned immediately into CP vs. CNP subsets. All of the CNP energy levels are described 
Any deviation from this case (d) independent-energy-level pattern will be due to an identifiable inter-series interaction. Such deviations reveal the physical nature and strength of each mechanism for the exchange of energy and angular momentum between a molecular ion and a CNP Rydberg electron. The fitting of the energy levels should be done by a robust rather than least squares procedure. The relevant property of a robust fit is that outliers minimally influence convergence of the fit and, as convergence is approached, more and more case (d) eigenstates become associated with a correct quantum number assignment.
Multi-pulse spectroscopy
A chirped millimeter-wave pulse with effective π/2 pulse area produces not only FID radiation but also population transfer between Rydberg states. We have demonstrated the ability to populate high-Rydberg states via a multiplyresonant excitation sequence [8] . We report here a new experiment with a pulse sequence consisting of broadband chirped pulses (22 GHz bandwidth), instead of single-frequency pulses. This new method combines survey and high resolution spectroscopy in a single measurement. However, we must be aware that a single broadband pulse could polarize more than one transitions, which can be revealed by the direction of the frequency chirp. Figure 6 , plots (a) and (b), show two spectra excited by broadband chirped pulses with the same parameters except for chirp direction. In the lower plot of (a), the increasing frequency chirped pulse sequentially excites transitions I and II. Therefore, population can be sequentially transferred from state 1 via state 2 to state 3. However, in the upper plot of (a), the decreasing frequency chirped pulse is resonant with transition II earlier than I. The population in state 1 cannot be transferred to state 3 before state 2 is populated. Therefore, the initial population in state 1 is transferred to state 2 and only transition I is polarized. Extending from one broadband pulse to three pulses, as shown in Figure 6 , plot (b), we observe four transitions in the lower plot, while only one appears in a spectrum excited by a single broadband chirped pulse, as shown in the upper plot. To reveal the connections among these four transitions, we use a pulse sequence of multiple single frequency pulses (the same as in conventional multiple resonance spectroscopy) to judge whether two transitions are sequential or parallel. We find that there are five states involved in this spectrum, and these states are organized as shown in the inset plot in Figure 6 , plot (b). This multi-pulse technique is an efficient method for rapid detection and organization of a complex network of transitions. However, in our current data analysis, extracting connections between all transitions is a tedious process, especially for a large-scale laser-millimeter-wave 2D spectrum (see Section 3.7). Some relevant information is encoded in the phase information and can be extracted directly with an appropriate algorithm, which is being developed.
An illustration of the high efficiency of laser-millimeter-wave survey spectroscopy
A crucial feature of CPmmW spectroscopy is that a single broadband millimeterwave pulse with a 22 GHz bandwidth polarizes all two-level systems within its bandwidth and can also drive a sequence of information-rich transitions that provide critical information about the Rydberg energy level structure. However, examination of millimeter-wave transitions out of a single laser-populated
Rydberg state provides only a small portion of the potentially available information. Analysis based on the periodic structure and n * -scaling behavior of Rydberg states is always the most efficient and straightforward method to assign the spectrum and extract both systematic and accidental inter-channel interaction information. Therefore, to obtain the necessary information, we desire to scan all of the millimeter-wave transitions that originate from a wide range of initial Rydberg states, spanning at least three successive n * to n * + 1 intervals (n * , n * + 1, n * + 2) by scanning the excitation lasers. Figure 7 is a 2D plot that displays a survey of multiple laser-millimeter-wave double resonance spectra. The 2D plot consists of three hundred individual FID spectra, each with a different excitation laser wavelength. As discussed in Section 3.1, to achieve a good signal to noise ratio and moderately high spectroscopic resolution (150 kHz), we adjust the number density of molecules excited into each single Rydberg state to ∼1×10 5 cm −3 . At a 10 Hz repetition rate, it takes 10 seconds to record 22 GHz bandwidth of 150 kHz resolution spectra with >20:1 signal to noise ratio. Both the frequency and phase of each two-level FID time-domain signal contains important information. This information is acquired and averaged in real-time for every two level system within the entire chirp bandwidth.
When the time-domain signal is Fourier transformed into the frequency-domain, ∼150,000 resolution elements with 150 kHz resolution are retrieved from a single FID spectrum. The entire collection (40 cm −1 of laser bandwidth) of survey spectra, each containing ∼200 millimeter-wave transitions, requires ∼1 hour.
Conclusion and Prospects
We have described direct detection of Free Induction Decay signals from transitions between molecular Rydberg states. The combination of CPmmW spectroscopy with a buffer gas-cooled molecular beam ablation source enables this form of high-resolution (≥50 kHz), broadband (20 GHz bandwidth), electronic 
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In addition, ablating a single spot repeatedly with a relatively high repetition rate (>5 Hz) also reduces ablation efficiency. To overcome this limitation, we use a Galvo mirror (xxiii in Figure 2 ) to translate the ablation laser beam back and forth to prevent two successive laser pulses from hitting the same location on the pellet. This implementation increases the repetition rate up to 20 Hz (our typical experiments operate at 10 Hz repetition rate). The precision of the phase measurements, φ F or φ P , where φ F and φ P are the phases of the FID and polarizing pulses, respectively, is determined by the precision of the resonance frequency measurement, f 0 . Their uncertainties are δφ F/P = πδf F/P /∆f F/P , where ∆f is the transition linewidth and δf is the accuracy of the center frequency f 0 . δf and ∆f are related by, δf = ∆f/SNR, where SNR is the signal to noise ratio. In typical experiments, SNR>10 and the uncertainties of φ F and φ P are both less than 0.1π. These uncertainties cannot be reduced by decreasing the linewidth, because both δf and ∆f decrease at the same rate. However, increasing the SNR linearly increases the accuracy of both φ F and φ P . In addition, the uncertainties of φ F and φ P always have the same sign, which are therefore partially cancelled. The uncertainty of the initial phase shift, 2πf 0 t P , is only determined by δf , which can be decreased by decreasing the linewidth or increasing the SNR. For a typical spectrum, δf can be as small as 10 kHz. If the excitation pulse duration is t P = 500 ns, the uncertainty of 2πf 0 t P is only 0.01π. Therefore, for a spectrum with a resonant single frequency excitation pulse, the uncertainty of the phase shift between the excitation pulse and FID is smaller than 0.1π. The use of the phase shift to determine the upward or downward transitions is reliable.
To extend this analysis to a chirped pulse excitation of multiple transitions, we decompose the FID into multiple single frequency components:
We assume that all FID signals with different frequencies are completely isolated from each other. Then the analysis of the phase of each FID component reduces to the single frequency case. Typical neighboring transitions in the Rydberg spectrum have >10 MHz spacing, therefore the resonant interaction is 10
MHz/100 kHz = 100 times stronger than the non-resonant interaction (100 kHz is the typical transition linewidth), which can be ignored. This argument is valid for most experiments, except for a system that exhibits strong collective effects, such as described in Section 3.2. However, a broadband excitation chirped pulse has a spectrum consisting of non-discrete frequency components. Whether the non-resonant interactions during the excitation can be ignored must be verified.
Similar to the analysis of the FID, we Fourier transform the excitation pulse with a linear chirp as follows:
α is the linear chirp rate. The Fourier transform of the linearly chirped pulse indicates a regular phase shift φ P , a constant phase shift π/4, and a quadratic frequency dependent phase shift, which comes from non-resonant excitation and must be minimized. For a two-level system, the excitation amplitude of a non-resonant excitation is |a 1 | 2 = ω 2 R /(ω 2 R + ∆ 2 ). Therefore, if the detuning frequency is 3 times larger than the Rabi frequency (∆ > 3 ω R ), the contribution of non-resonant excitation is smaller than 10% and can be ignored. After substituting ∆ = ω R − 2πf 0 = 3ω R into the last phase term of Eq.(B.8), it is evident that the phase shift from the quadratic term, δφ, is proportional to E 2 /α (ω R = µE/ , where E is the amplitude of the excitation pulse), as shown in Eq.(B.9).
However, E and α are not independent of each other, as shown in Eq.(B.10), where P is the degree of the macroscopic polarization, µ is the electric dipole transition moment, and N is the total number of atoms. To maintain a constant fractional polarization, E must be chosen to be proportional to α 1/2 . Therefore, the quadratic phase shift is independent of the chirp rate, but depends on the Rabi flopping angle of the excitation, δφ ∝ P 2 . For the maximum Rabi flopping angle (π/2), we substitute typical experimental parameters into Eqs.(B.9) and (B.10), and show that the quadratic phase shift is ∼π/2. To decrease this uncertainty below π/20, we must reduce the polarization from π/2 to π/6, which significantly reduces the non-resonant excitation.
In addition to reducing the Rabi flopping angle of the excitation, we can also apply two chirped pulses with opposite chirp directions. The quadratic phase shifts that result from non-resonant excitation above and below the resonance cancel symmetrically. A simulation shows this cancellation reduces the phase uncertainty caused by the quadratic term by a factor of 10.
